14 15 16 17 2 SIGNIFICANCE STATEMENT: The tip-link complex of the hair cell is mechanically 18 tuned along the tonotopic axis of the cochlea.
INTRODUCTION 33
The cochlea -the auditory organ of the inner ear-is endowed with a few thousands of 34 mechanosensory hair cells that are each tuned to detect a characteristic sound frequency 35 (Fettiplace and Kim, 2014) . Different frequencies are detected by different cells, which are cells (see Methods), Κ HB = 5.5±0.4 mN/m (n = 14), thus still significantly lower 138 (***p<0.001; Figure 2 -supplement table 1) than in outer hair cells at the 4-kHz position. At 139 each cochlear position, outer hair-cell bundles were stiffer than inner hair-cell bundles, with a 140 stiffness ratio that increased from the apex to the base of the organ. ratio of hair-bundle movements before and after tip-link disruption. Both inner and outer hair 166 cells displayed a gradient of gating-spring stiffness Κ GS = Κ HB (Fig. 3A) . Between the 1-167 kHz and the 4-kHz positions, the gating-spring stiffness increased by 520% for outer hair cells 168 but only by 300% for inner hair cells. Similarly, the contribution Κ SP = (1 − ) Κ HB of the 169 stereociliary pivots to hair-bundle stiffness displayed tonotopic gradients for both inner and 170 outer hair cells (Fig. 3B ).
171
Individual gating springs are stiffer in hair cells with higher characteristic frequencies. 172 Both the pivot stiffness Κ SP and the gating-spring stiffness Κ GS are expected to vary increased from 1 to 4 kHz and from 1 to 15 kHz, respectively ( Fig. 3D ). Thus, morphological 192 gradients can account for the observed gradient in pivot stiffness Κ SP , but not for the observed 193 gradient in gating-spring stiffness Κ GS and in turn for the whole hair-bundle stiffness Κ HB .
194
The hair-bundle morphology is not the sole determinant of hair-bundle mechanics.
195
Tip-link tension increases along the tonotopic axis. We then estimated the mechanical 196 tension in the tip links at rest, i.e. in the absence of an external stimulus. The transduction 197 channels close when the tip links are disrupted, indicating that the channels are inherently 198 more stable in a closed state (Assad et al., 1991; Beurg et al., 2008; Indzhykulian et al., 2013) .
199
In functional hair bundles, tip-link tension is thought to bring the operating point of the 
261
The magnitude of the negative movement at the peak showed no significant gradient and 262 was similar between inner and outer hair cells, with an average magnitude of ∆ Ca = 263 −26±2 nm over the whole ensemble of hair cells (n = 83; Fig. 6A ). However, because 264 morphological gradients ( Figure 3 -figure supplement 2) resulted in gradients of pivot 265 stiffness Κ SP (Fig. 3B ), the maximal increase ∆ = −Κ SP Δ Ca in hair-bundle tension was 266 larger for hair cells with higher characteristic frequencies ( Fig. 6B) , as was the maximal 267 tension max that a single tip link sustained before tip-link disruption (Fig. 6C ). Going from 268 1-kHz to 4-kHz locations, this maximal tip-link tension displayed a gradient from 14±4 pN 269 (n = 30) to 54±12 pN (n = 23) in outer hair cells and from 15±3 pN (n = 49) to 44±8 pN 270 (n = 39) in inner hair cells; at the 15-kHz location, the maximal tension was not significantly 271 different than at the 4-kHz location in inner hair cells.
272
When immersing the hair cells in low-Ca 2+ saline, the negative movement was always 273 followed by tip-link disruption and could thus not be observed twice with the same hair 274 bundle. However, in six different preparations for which the hair bundle was immersed in 275 saline with a higher Ca 2+ concentration (500 µM) than usual (20 µM), we were able to 276 preserve the integrity of the tip links and demonstrate that the negative movements could be 277 reversible ( Fig. 6D ). Under such conditions, we observed that the absolute magnitude and the 278 speed of the negative movement increased with the magnitude of the iontophoretic current.
279
Notably, the hair bundle reached a new steady-state position when the iontophoretic step was 280 long enough ( Fig. 6E ), suggesting that resting tension in the tip links could be modulated by 281 the extracellular Ca 2+ concentration, with higher tensions at lower Ca 2+ concentrations.
282

DISCUSSION
283
Tonotopy of the mammalian cochlea is known to be associated with gradients of hair-bundle 284 morphology (Wright, 1984; Lim, 1986 between the most basal and the most apical cochlear location that we were able to probe, the 299 measured stiffness ratios ( Fig. 2E ) were ~50% and ~70% larger than those expected from 300 morphology for outer and inner hair cells, respectively. We interpret this result as the Ca 2+ permeability to the transduction channels (Kim and Fettiplace, 2013) , the Ca 2+ influx at 327 rest in the inner hair cells at P8-P10 may have been larger than at more mature developmental 328 ages, possibly lowering tip-link tension ( Fig. 6 ) and steepening its gradient.
329
How stiffness gradients may contribute to the tonotopic map. We observed that the hair-330 bundle stiffness increased by 240% over two octaves (1-4 kHz) of characteristic frequencies 331 for outer hair cells and a similar increase but over 4 octaves (1-15 kHz) for inner hair cells 332 ( Fig. 2E ). Whether or not stiffness would continue increasing along the same gradient 333 towards more basal locations of the cochlea is unknown. If it were the case, we would expect 334 a base-to-apex stiffness ratio of ~40 for outer hair cells, which is comparable to the base-to- (Fig. 2 and Figure 2-figure supplement 3) , or 60-Hz sinusoids (Fig. 4) with the magnitude of 555 driving voltages varying between 0 and 60 V.
556
For stiffness measurements, we measured hair-bundle movements evoked by 100-ms force 557 steps ( Fig. 2 ; see the force-calibration procedure below). The bundle displacement was 558 measured 5-10 ms after the onset of the step stimulus; the stiffness was given by the slope of 559 the relation between the force (noted F in the following) and the displacement of the bundle's 560 tip. These measurements were performed in standard saline.
561
Applying and measuring forces with the fluid jet. We describe here how we calibrated the 
572 in which = ℎ ⁄ represents the aspect ratio of the ellipsoid (Happel and Brenner, 2012) . 573 We note that the hydrodynamic radius given by Equation 1 is exact only for an ellipsoid 574 immersed in an infinite volume of fluid, whereas the hair bundle instead stands erect at the 575 apical surface of the hair cell; this expression is thus an approximation. . Thus, calibrating the force is 592 equivalent to calibrating the maximal fluid velocity max .
593
To estimate max , we measured the force � ≅ 6 F � applied by the same jet on a 594 calibrated glass fiber, whose longitudinal axis was oriented perpendicularly to that of the We used =1.4±0.1 615 (mean ± SD; range: 1.27-1.65) for inner hair cells and =1.3±0.1 (mean ± SD; range: 1.12-616 1.47) for outer hair cells. Thus, we estimate that the force applied on the hair bundle was 30-617 40% higher than that measured on the calibration fiber using the same jet of fluid. In practice, 618 we calculated in each experiment from the geometrical parameters of the fluid-jet pipette, 619 the calibration fiber, and the hair bundle. We noticed that ( ) ≅ 2 ( ); at a distance = 620 2 ⁄ from the center of the fluid jet ( = 0), the fluid velocity is expected to be 25% of the 621 maximal value. Thus, some of the moving fluid was not taken into account in our estimates 622 of the force acting on the fiber, resulting in an underestimation. However, taking ( ) = 623 4 ( ) resulted in an increase of by only 5% while the fluid velocity dropped to 4% of the 624 maximal value at the edge of the fluid cone (in = 2 ⁄ = 2 ).
625
All the forces reported in this work correspond to the effective force F that one would have 626 to apply at the bundle's tip to evoke the same bundle deflection X as the hydrodynamic drag that must be applied at the 642 bundle's top to evoke the same torque as the fluid jet; the effective force is smaller than the 643 total drag force exerted by the fluid jet, corresponding to a ratio = 2 3 ⁄ ⁄ .
644
To test our force-calibration procedure for the fluid jet, we performed a control experiment ensured that this number was sufficient to achieve a signal-to-noise ratio of 1-1.5, with 80% 720 power at a 5% significance level. We performed a one-way ANOVA to assay statistical 721 significance of the measured mean-value variation of a given property, e.g. the hair-bundle 722 stiffness, between the different cochlear locations for inner (IHC) or outer (OHC) hair cells. 723 We also used two-tailed unpaired Student's t-tests with Welch's correction when comparing 
